Abstract. Constraints on the number and luminosity of the sources of the cosmic neutrinos detected by IceCube have been set by targeted searches for point sources. We set complementary constraints by using the 2MASS Redshift Survey (2MRS) catalogue, which maps the matter distribution of the local Universe. Assuming that the distribution of the neutrino sources follows that of matter, we look for correlations between "warm" spots on the IceCube skymap and the 2MRS matter distribution. Through Monte Carlo simulations of the expected number of neutrino multiplets and careful modelling of the detector performance (including that of IceCube-Gen2), we demonstrate that sources with local density exceeding 10 −6 Mpc −3 and neutrino luminosity L ν 10 42 erg s −1 (10 41 erg s −1 ) will be efficiently revealed by our method using IceCube (IceCube-Gen2). At low luminosities such as will be probed by IceCube-Gen2, the sensitivity of this analysis is superior to requiring statistically significant direct observation of a point source.
Introduction
The detection of cosmic neutrinos with energies up to few PeV has marked the beginning of high-energy neutrino astronomy [1] [2] [3] [4] [5] [6] . The observed high-energy neutrino events are consistent with an isotropic distribution in the sky. Their flavor content is compatible with an equal distribution among ν e , ν µ and ν τ , and their intensity is consistent with the WaxmanBahcall bound [7] . These features hint towards a flux of astrophysical origin [8] [9] [10] .
Several sources have been discussed as possible emitters of the high-energy neutrinos detected by IceCube, although none of them seems to explain the observed flux with high significance. Indeed the principal challenge in identifying the sources of the diffuse flux lies in the fact that most of these events, being cascade events, have angular resolutions of up to ∼ 15 • [3, 11] .
Galactic sources have been proposed in the literature as high-energy neutrino factories and are currently not excluded as an explanation for the IceCube neutrino events [12] , although they cannot explain the whole observed flux. The largest contribution should come from extragalactic sources, the ones mostly discussed in the literature are cosmic-ray reservoirs such as star-forming galaxies and galaxy clusters or groups [13] [14] [15] [16] [17] [18] [19] [20] [21] ; gamma-ray bursts [22] , active galactic nuclei and blazars [23] [24] [25] as well as low-power or hidden cosmic accelerators [26] [27] [28] [29] [30] [31] [32] [33] .
It is very likely that the observed energy spectrum is a superposition of the diffuse emission coming from several sources. This could be corroborated if spectral breaks were to become visible with increasing statistics [34] . Note also that even assuming that the observed neutrino flux is mostly described by a single power law, existing analysis are in mild tension on the exact value of the spectral index according to the event sample adopted in the analysis [5, 35] .
At the same time, the IceCube collaboration has carried out targeted searches for the detection of point sources (PS), see e.g. Refs. [36] [37] [38] [39] [40] , up to now with negative results, which is not in contradiction with theoretical expectations [41] [42] [43] [44] . In principle, dedicated searches for astrophysical PS of neutrinos are more sensitive when performed with samples of track like events [36] from charged current (CC) interactions of ν µ andν µ of astrophysical origin. Those samples are however dominated by muons from CC interactions of atmospheric muon neutrinos in the Northern sky, and muons produced in interactions of cosmic rays with the upper atmosphere in the Southern sky. Although background dominated, such samples have significantly larger effective volumes, since the outer layers of the detector are not used as a veto and events with interaction vertices far away from the instrumented volume can still be detected due to the large range of the muon in ice at high energies. The arrival direction of the neutrino can be estimated with less than 1 • precision [36] , and astrophysical PS of neutrinos can be identified by looking for statistically significant clusters of high-energy events, over the atmospheric backgrounds.
The most general IceCube search targeting steady PS 1 of neutrinos anywhere in the sky is the all sky PS scan [36] . This search is sensitive to PS with E −2 ν fluxes as low as E 2 ν Φ νµ+νµ ∼ 4 × 10 −13 TeV cm −2 s −1 . However, only PS producing fluxes higher than E 2 ν Φ νµ+νµ ∼ 2 × 10 −12 TeV cm −2 s −1 can be distinguished from a coincidental clustering of atmospheric neutrinos due to the large statistical trial factor involved in scanning every point in the sky. The distances (in equivalent redshift z) at which sources of a given muon neutrino luminosity L ν can generate the above flux values are shown in the left panel of Fig. 1 . Sources with fluxes in between these values may produce clusters of events with high pre-trial significances, known as "warm" spots.
Note that targeted catalog and stacking searches using information about source directions from other astronomical messengers can constrain the ν µ +ν µ flux from one or more of these specific directions in the sky to levels even below the sensitivity of the all sky scan [45, 46] . Note, however, as these constraints are valid only along specific angular directions and do not constrain PS anywhere else in the sky.
The number of neutrino warm spots at different threshold pre-trial significances has been found to be consistent with background expectations, although a small excess exists in both the Northern and Southern skies corresponding to pre-trial significances with p-value ∼ 3 × 10 −3 [36] . If some of these warm spots are generated by neutrinos from nearby astrophysical sources, then the directions of these warm spots must correlate with the anisotropic matter distribution in the local Universe.
The above arguments motivate looking for correlations between the directions of the IceCube warm spots defined by the PS searches and the matter distribution in the nearby Universe. However, currently the positions and properties of the warm spots from the IceCube PS search are not publicly available. We therefore determine the sensitivity of this proposed correlation study, both in an analytical approach and through a detailed Monte Carlo study. will produce a ν µ flux corresponding to the benchmark sensitivities of the IceCube PS all sky scan as from Ref. [36] . Fluxes in between the blue and the green lines will produce warm spots. Right: Probability that a source at redshift z produces a number of events m ≥ µ, see Eq. 2.1.
To this end, we adopt the 2MASS Redshift Survey (2MRS) catalogue [47] which describes the local distribution of matter out to z = 0.03. By looking for correlations between the directions of warm spots (simulated with similar properties as observed by IceCube in its all sky PS scan [36] ) and the anisotropies of the local Universe as from the 2MRS catalogue, we derive constraints on the local density of neutrino sources as a function of their neutrino luminosity.
We show that at low enough luminosities (L ν < 10 42 erg s −1 ), these constraints can be more stringent than those derived from the non observation of any statistically significant PS, if anisotropies observed in 2MRS serve as a tracer of the distribution of the cosmic accelerators emitting neutrinos. We also discuss prospects for detecting point sources in IceCube-Gen2 [48] . The paper is organised as follows. In order to support our analysis, in Sec. 2 we derive analytical estimates on the non-detection of a neutrino PS by IceCube as well as sensitivity constraints from correlating the distribution of warm spots with a tracer of the matter distribution in the nearby Universe. In Sec. 3, we introduce the 2MRS catalogue that we will use as tracer of the local matter distribution and characterise its local composition. Section 4 describes our analysis method as well as our simulated neutrino event sample. The main results of our work are presented in Sec. 5 together with a forecast for IceCube-Gen2 and a discussion on future prospects of detecting neutrino PS. Outlook and conclusions are presented in Sec. 6. Supplementary material to further clarify our analysis is reported in Appendixes A, B and C.
Bounds on the local source density
In the following, we analytically compute estimates for two kinds of constraints on the local density of sources as a function of luminosity: a limit derived from the non-observation of significant hot spots by IceCube [36] ("PS limit") and the sensitivity from searching for a correlation between the distribution of warm spots and the distribution of matter in the nearby Universe ("correlation sensitivity"). The number of neutrino sources at redshift z can be written as the product of comoving source density n s (z) and differential comoving volume, dV(z). To compute the number of individual sources that IceCube would be able to detect or the number of warm spots, we also need the probability P m≥µ (λ) that a source at redshift z produces a number of events m equal or larger than µ, λ being the average number of events produced by the same source. Assuming that the neutrino events are uncorrelated, this is given by the complement of the cumulative Poisson distribution,
where Γ(µ) and Γ(µ, λ) are the gamma function and the incomplete gamma functions, respectively. In order to constrain the local source density for a given source luminosity as in Refs. [42, 49] , we have parametrised the expected number of events λ from a source by its luminosity distance d L (z) and the luminosity distance d m=1 at which a source of a given luminosity L ν would produce one neutrino event,
We can thus write for the number of sources with redshift z ≤ z c that contribute µ events or more [42] 4) describing the source redshift evolution. The latter has been parametrised in the usual way: q = 3 for star-formation-like evolution and q = 0 for no evolution. For simplicity, we also assume that all sources belonging to the same class have the same luminosity ("benchmark sources"). Figure 1 (right panel) shows the probability P m≥µ (λ) introduced in Eq. 2.1 as a function of λ/µ. We note that P m≥µ (λ) suppresses contributions to the redshift integral in Eq. 2.3 from sources with λ µ. 5) where the second equality presumes the relation between d m=1 and L in Eq. 4.2. We thus see that for neutrino luminosities of O(10 42 ) erg s −1 , only sources with z 0.042/ √ µ can produce µltiplets. This is equivalent to the information contained in the left panel of Fig. 1 . Furthermore, for neutrino luminosities such that
Here, we have defined
which with µ = 2, gives n 0 ∆Ω d 3
m=1
√ π/3 as obtained also in Ref. [42] . Demanding N m≥µ < 1 then translates into a constraint on the local source density as a function of luminosity,
This limit is shown by way of example for µ = 23 as the black line in Fig. 2 . We also assumed that d m=1 180 Mpc × L ν /(10 42 erg s −1 ), cf. Sec. 4.1.
Average test-statistics
We look for correlations between the distribution of N ws warm spots and a sky map g(n) of the matter distribution in the nearby Universe,n being a unit vector pointing in a certain direction in the sky. An example of such a tracer could be the 2MRS catalogue that we will discuss in Sec. 3 below.
We quantify the degree of correlation defining the (unbinned) log-likelihood as a function of the number of neutrino sources in the nearby Universe N a :
where
is the signal probability density g(n) (given e.g. by a map of 2MRS galaxies with z < z c = 0.02, see bottom panel of Fig. 3 ), evaluated atn i , the position of the i-th warm spot, and similarly for the isotropic background probability density, i.e.
Note that as probability densities, both g and b are normalised to unity, dn g(n) = dn b(n) = 1. The parameter N a is the estimate for the number of sources that are drawn from g(n) and it is the only free parameter.
By defining the test-statistics (TS) as in Appendix A, we find that its average is
with σ 2 the variance of g(n). The variance σ 2 of g is easily computed from g. For the 2MRS sky map out to z c = 0.02 smoothed with the angular resolution for tracks (1 • standard deviation), we find σ 2 = 1.66 × 10 −2 (see Sec. 3).
Warm spots correlation sensitivity
From Eq. 2.6 we compute the number N a of warm spots that correlates with g(n) as
The total number of warm spots (see Eq. 2.7) is (2.16) and N bkg the number of background warm spots. Substituting Eqs. 2.13 and 2.15 into Eq. 2.12 and demanding TS < TS(p), one obtains
The above expression gives the local number density of neutrino sources as a function of their neutrino luminosity and µltiplicity. In Fig. 2 , we have shown this correlation sensitivity n 0 as a function of luminosity L by the blue line. Here, we adopted the parameters N bkg = 30, µ = 3, z c = 0.02, ∆Ω = 4π and σ 2 = 2 × 10 −2 by way of example and again assumed d m=1 180 Mpc × L ν /(10 42 erg s −1 ), cf. Sec. 4.1. By considering the low and high neutrino luminosity limits (i.e., λ c µ and λ c µ), we find (see Appendix B for more details):
(2.18) As it will become clear in the following, cf. Sec. 4.1, the local effective density decreases as the neutrino luminosity increases for λ c µ and vice versa for λ c µ. The transition between both regimes is taking place around 19) and the minimum bound is approximately
.18 can be compared to the limit from the non-detection of PS by IceCube [42] , Eq. 2.8,
The number of eventsμ for the IceCube PS detection is necessarily larger than the number of events µ required to make a warm spot. At low luminosities, the correlation limit is thus more stringent by a factor
This gives an improvement by a factor ∼ 20 for µ = 3,μ = 23, N bkg = 33 and σ 2 = 2 × 10 −2 . We thus conclude that the correlation sensitivity has the potential to improve bounds on the local source density n 0 as a function of muon neutrino luminosity L ν . Before investigating this with a detailed MC study described in Sec. 4, we introduce the 2MRS catalogue.
2MASS Redshift Survey catalogue
The 2MASS Redshift Survey (2MRS) [47] catalogs the distribution of galaxies and dark matter in the local Universe out to a mean redshift of z = 0.03. The final catalog contains 45000 galaxies with photometric redshift information. The distribution of the directions of these galaxies in the sky within different redshift slices is highly anisotropic. For z< 0.02, clear excesses can be seen along the super-galactic plane, as shown in Fig. 3 
Probability density g(n) of 2MRS sources with z < 0.02 0 1 Figure 3 . Top: Scatter plot of all 2MRS galaxies at redshifts z < 0.02. Bottom: Map of all 2MRS galaxies at redshifts z < 0.02. This is used as g(n) in Eq. 2.10.
The 2MRS catalogue could be considered as a good tracer of the anisotropic matter distribution of the local Universe. In fact high-energy neutrinos can be generated via pp or pγ interactions within astrophysical sources. In order to produce a sizable amount of neutrinos, protons have to be located in matter dense environments such as active galactic nuclei, blazars, starburst galaxies, gamma-ray bursts, and so on. These sources are the main constituents of the matter distribution of the local universe constituting the 2MRS catalogue.
Assuming that the neutrino warm spots are generated by neutrino events emitted from local astrophysical sources traced by the 2MRS catalogue, in the following we will adopt a sourceindependent approach and look for correlations of the IceCube warm spots and the 2MRS matter distribution.
Correlation analysis method
We explore the sensitivity of a correlation analysis to local effective density of standard candle sources by using Monte Carlo simulations of the distribution of neutrino PS in our Universe. In this Section, we describe the method adopted in our correlation study.
IceCube and IceCube-Gen2 detector properties
The normalization Φ of an E −2 astrophysical flux of muon neutrinos required to produce 1 event within the detector at declination δ is given by
where the index i runs over the S different data samples, A i (δ) is the effective area of the sample i at declination δ and T i is the livetime of the sample i. The declination dependent effective areas, livetimes and energy ranges of each sample are obtained from Refs. [36, 46, 50] . The energy ranges are approximately 1 TeV to 1 PeV in the Northern sky and 100 TeV to 100 PeV in the Southern sky. The median d m=1 over the whole sky for the seven year search is found to be
With IceCube-Gen2 in the Sunflower 240 configuration [48] , for a PS search with a threshold of 1 TeV we can expect ∼ 200 astrophysical neutrinos per year at the level of the current diffuse flux. From this, we obtain
for a 10 year search. This sample is expected to contain ∼ 15000 background events per year, which is a factor of ∼ 4 lower than that of IceCube [48] .
Simulation of the expected IceCube events
For a given redshift evolution scenario (see Eq. 2.4), we generate source redshifts from the expected redshift distribution up to z max = 3. For each astrophysical source, if it falls beyond the sensitivity threshold distance (see the left panel of Fig. 1 ), we assume that it contributes only to the diffuse neutrino flux observed at Earth; otherwise we assign to the source a direction in the sky through random sampling from the 2MRS map of the corresponding redshift slice for z ≤ 0.1 (beyond which the 2MRS catalogue is sparse), or assume that it is isotropically distributed otherwise. While sampling from the 2MRS map, we adopt redshift slices of width 0.01. Subsequently the neutrino flux expected at Earth for this source is evaluated as described in Sec. 4.1. If the neutrino flux is high enough to make a warm spot at a given threshold with significance corresponding to a pre-trial p-value p = 10 −3.7 [36] (approximated to correspond to one third of the flux required for a post trial 3σ discovery), then a warm spot is added to the map at the corresponding coordinates and a correlation test is performed according to the unbinned maximum likelihood ratio method described in Eq. 2.9. In each trial, the map also contains a number of isotropically distributed background warm spots, drawn from the expected number of background warm spot distribution [36] .
This process is repeated until a source with a flux high enough to cause a post trial 3 sigma observation in the PS sky map is obtained. The sensitivity of the warm spot correlation search is the 90th percentile of the density at which the p-value of the warm spot-2MRS correlation crosses 0.5 in many realizations of the Monte Carlo. Similarly, the 90% C.L. upper limit from the non observation of a PS is defined as the 90th percentile of the density just before a post trial 3 sigma observation in the PS sky map is obtained, in many realizations of the Monte Carlo. In total, 1200 trials of the MC were performed.
Results
In this Section, we present the main results of our correlation analysis for IceCube. We also discuss prospects for IceCube-Gen2.
Prospects of neutrino point source detection
For simplicity we will assume in the following that the sources have an E −2 ν power law energy spectrum over [1 TeV, 10 PeV] . Figure 4 (top panel) shows our results for the IceCube detector. In the plane defined by the local density of neutrino sources and the ν µ luminosity, the upper limit implied by the non-observation of PS in the 7 year search [36] ("PS limit") is shown by the solid black line. The maximum allowed local source density n 0 is decreasing as a function of luminosity as ∝ L −3/2 ν . This behavior is in agreement with our analytical estimate for µ = 23 (cf. Sec. 2.1, see also Ref. [42] ), shown by the dashed black line. µ = 23 is the median expected over the whole sky for an E −2 ν flux at the level required to obtain a post trial 3 sigma discovery. Even though the analytical estimate is derived under a number of simplifying assumptions and for a sample of benchmark sources, the agreement with the result from the MC study is excellent.
While the scaling with L ν had already been discussed in Ref. [42] , our overall normalization is different, for example at L = 10 39 erg s −1 , our limit is less stringent by a factor of ∼ 30 (see their Fig. 3) . The difference can be attributed to the assumed µ and the relation between d m=1 and luminosity L. For a low energy sample like the one adopted here, multiplets have been observed and therefore the µ that can be excluded by PS non-detection is necessarily very large (µ 23). At the same time, d m=1 is also relatively large due to the large number of signal events expected in the low energy threshold sample. On the other hand, for a high energy threshold sample as that of Ref. [42] , multiplets are less likely and so µ = 2 is appropriate. Note, however, that for higher energy thresholds(≥ 200 TeV) the d m=1 is also much smaller (by a factor of ∼ 5). If we optimistically assume that no multiplets have been observed in the low energy threshold sample and use the d m=1 of Eq. 4.2, we reproduce the limits of Ref. [42] . Although not visible from the plotted L ν range, note that we also observe an asymptotical flattening of the black curve in the high luminosity range, similarly to what shown in Fig. 3 of [42] .
In Fig. 4 (top panel) , the blue solid line shows the sensitivity for the local Universe correlation analysis ("correlation sensitivity") derived in the MC study. The correlation sen-sitivity curve is lower than the PS limit by almost one order of magnitude at low luminosities, L ν 10 40 erg s −1 . A similar trend has been also discussed in Ref. [51] for the pair method. The maximum allowed density is decreasing ∝ L −3/2 ν for L ν 10 40 erg s −1 similarly to the black curve of the PS non detection. The correlation sensitivity turns over between 10 42 and 10 43 erg s −1 and rises again for larger L ν . This behaviour is in good agreement with our analytical estimate, cf. Eq. 2.17, shown by the dashed blue line. The latter has been obtained for N bkg = 33, µ = 3.5, z c = 0.02 and σ 2 = 1.66 × 10 −2 .
We note that the difference for 10 40 to 10 42 erg s −1 between the dashed and solid blue lines is likely due to a number of simplifying assumptions made in the derivation of Eq. 2.17: (1) Instead of setting the limit based on the 90 % quantile of the distribution of test-statistics, TS 90 % , we have worked with the mean test-statistics TS , which is smaller than TS 90 % , making our analytical estimate overly optimistic. (2) In the analytical estimate, we assume that the angular distribution of 2MRS sources is the same at all redshifts z < 0.02 whereas it is assumed isotropic beyond. This is not realistic as the angular distribution varies with redshift for z < 0.02. This should also render the analytically derived correlation sensitivity too optimistic. (3) In the analytical estimation we neglect any declination dependence of the detector acceptance.
We further note that our analytical estimate is only valid as long as d m=1 /(c/H 0 ) √ µ which with Eq. 4.2 translates into a maximum luminosity L ν = 3.3 × 10 45 erg s −1 for µ = 23 (PS limit) and 5.1×10 44 erg s −1 for µ = 3.5 (correlation analysis). Beyond this, the analytical estimate is not valid anymore and we show the extrapolations with dotted lines.
In Fig. 4 , we also indicate the regions of parameter space that would explain the observed diffuse flux [11] . This limit has been obtained by assuming a diffuse neutrino flux ∝ E −2 ν , normalized to 10 −8 GeV cm −2 s −1 sr −1 and for a redshift evolution as in Ref. [52] for "SFR evolution" or q = 0 for "no evolution". The top (bottom) of each shaded bands assume that 100 % (1 %) of the diffuse flux is produced by the parameter pair (n 0 , L ν ). These bands have been derived from our MC study and show the expected L −1 ν scaling. In Fig. 4 (bottom panel), we show analytical estimates for the expected performance of the IceCube-Gen2 detector [48] . The sensitivity of the all-sky PS search (red dashed curve) is better by a factor of ∼ 40 with respect to the related IceCube curve due to the lower background expected. As described in Sec. 4.1, the PS search of IceCube-Gen2 is expected to observe ∼ 15000 background events per year. Consequently, a 10 year IceCube-Gen2 search will have a factor of 3 lower background and the µ that can be excluded by an all sky PS search will also be lower. The resulting smaller number of events µ = 7 required to find a PS is the reason for this improvement by a factor of ∼ 40.
The correlation sensitivity (cyan dashed curve) improves with respect to the IceCube one by a factor of ∼ 50 at low luminosities. This is also due to the suppression of background such that we have adopted µ = 2. The other parameters adopted here are N bkg = 33, z c = 0.02 and σ 2 = 1.66 × 10 −2 . We note from Eqs. 2.18 and 2.19 that this does not only result in a more stringent expected limit at low L ν but also in the minimum of the correlation sensitivity curve moving to lower L ν (cf. Eq. 2.19). [36] , while the dashed black line is its corresponding analytical estimation obtained for µ = 23. The solid blue line represents the sensitivity for the correlation analysis, and the dashed blue line is its corresponding theoretical estimation (N bkg = 33, µ = 3.5, z c = 0.02 and σ 2 = 1.66 × 10 −2 ). The green and red bands mark the regions of parameter space that would explain the observed diffuse flux [11] for no-redshift evolution (q = 0) and strong redshift evolution (q = 3). The top (bottom) of each shaded bands assume that 100 % (1 %) of the diffuse flux is produced by each (n 0 , L ν ). The gray markers represent examples of benchmark astrophysical sources (see text for details). Bottom: Same as top panel but the plotted curves have been derived for 10 years of operation of IceCube-Gen 2 [48] . The forecasted value of µ for non-observation of PS is 7; while the sensitivity to the correlation analysis has been derived for N bkg = 33 [36] , µ = 2 and z c and σ as above. For IceCube, the region of the parameter space above the upper limit implied by the non-observation of PS and above the sensitivity curve for the correlation analysis are excluded.
For sources emitting neutrinos of softer spectra with the same integrated luminosity in the 1 TeV to 10 PeV range, d m=1 is smaller and consequently both the constraints from PS non detection as well as the sensitivity of the correlation study can be weaker. For γ = 2.6, the softest unbroken spectrum allowed for sources that contribute to the diffuse flux dominantly [5] , d m=1 is lower by a factor of ∼ 3.5 and both the constraints and sensitivity are worse by a factor of ∼ 50. For a more reasonable value of γ = 2.2, favoured by the measurement of the muon neutrino flux from the northern hemisphere [35] , d m=1 is ∼34% smaller and the constraints and the sensitivity scale up by a factor of ∼ 3.5.
Discussion
In the following, we discuss the implications for the different benchmark sources shown in gray in Fig. 4 . Details on the derivation of (n 0 , L ν ) for each source class are reported in Appendix C. Given the large astrophysical uncertainties on the modeling of the neutrino production from these sources, we refrain from drawing firm conclusions about the detection prospects from each source class and only aim at providing a qualitative discussion.
• Flat-spectrum radio quasars (FSRQ): Those sources are consistent with the diffuse flux limits, however they are marginally disfavored by the IceCube PS limit. They will be finally tested by IceCube-Gen2. We note that the correlation with anisotropies of the local Universe is not helpful in this case as those sources are very bright but have a low local density. Consequently, the chance for them to occur close enough to lead to a significant correlation is very small.
• BL Lacs: These candidates are already strongly disfavored by the IceCube PS limit. We conclude that they will not be detectable in neutrinos unless our density or luminosity estimates are wrong by more than an order of magnitude. Their (L ν , n 0 ) is not in agreement with the diffuse flux either.
• Fanaroff-Riley galaxies of type II (FR-II): They are consistent with the diffuse flux band within the astrophysical uncertainties. FR-II are currently not constrained by the upper limit on the non-detection of PS placed by IceCube. The correlation sensitivity analysis of IceCube will not be sensitive to FR-II. They may however be within reach by the IceCube-Gen2 PS searches and correlation analysis when modeling uncertainties are taken into account.
• Fanaroff-Riley galaxies of type I (FR-I): Given its low effective neutrino luminosity and local density, this class of sources is well below the IceCube PS limit and correlation sensitivity curve; FR-I seem to be extremely challenging to detect with available or planned experimental setups. They may become testable with IceCube-Gen2 PS searches only if models of their neutrino emission have been underestimating their luminosity by more than two orders of magnitude.
• Clusters of Galaxies (GC): They are marginally excluded by the current IceCube PS upper limit and can be further tested by the correlation analysis. Galaxy clusters have not been detected in gamma-rays yet; hence, we will ultimately test the currently adopted mechanism behind the neutrino production with IceCube-Gen2 by employing all-sky PS searches. Correlation studies performed by IceCube can also test this source class. Galaxy Clusters, being highly extended and well catalogued candidates are however best constrained by targeted stacking searches such as the one described in Ref. [46] .
• Starburst galaxies (SBG): Although not very bright in neutrinos with respect to other sources, SBG are very abundant and consistent with the diffuse neutrino flux bands. IceCube-Gen2 standard point source searches will not be sensitive enough to probe their (L ν , n 0 ), but correlation sensitivity searches will ultimately test the current neutrino production model adopted for SBG.
• Low-luminosity AGNs (LL-AGN): Although not testable with IceCube, IceCube-Gen2 correlation studies will be able to place limits on the abundance and neutrino luminosity of these sources. Figure 4 shows that our correlation analysis can exclude a larger region of the (L ν ,n 0 ) parameter space than the projected PS limit for L ν 10 42 erg/s for IceCube (L ν 10 41 erg/s for IceCube-Gen2) and n 0 ≥ 10 −6 Mpc −3 . We note that the minimum of the correlation curve moves of one order of magnitude towards lower neutrino luminosities with IceCube-Gen 2.
Besides the assumptions discussed in the previous section on the derivation of the analytical curves with respect to the ones obtained via MC simulations, we also note that we assumed that neutrinos are emitted with an energy spectrum ∝ E −2 ν . In principle, the analytical correlation sensitivity is independent of the assumed spectral shape. However, when we express our results as a function of L ν , the spectral shape enters through Eqs. 4.2 or 4.3 as well as the assumed values of N bkg and µ. Similarly for the MC analysis, the assumption of an E −2 ν spectrum enters through the sensitivities (see. Sec. 4.2). Also, to compare to our benchmark sources, we assumed the E −2 ν spectral shape. In this sense, tighter limits may be placed by assuming a shallower neutrino energy spectrum.
In this work we mostly focused on steady astrophysical sources. We note as our method can also be applied to transient sources. However, more stringent limits can be obtained for the latter by focussing on a restricted region of the sky and taking advantage of multimessenger constraints.
About O(10 3 ) years of operation of IceCube-Gen2 would be needed to probe the whole (L ν ,n 0 ) region of the parameter space where the gray markers of astrophysical sources are sitting via all sky PS searches, especially given the unfavorable (L ν ,n 0 ) of FR-I. This suggests that targeted searches employing astronomical catalogues may guarantee a more efficient search for neutrinos coming from certain classes of sources such as FR-I.
Conclusions
The detection of neutrinos with energy up to few PeV by the IceCube neutrino telescope has ushered in begin of high-energy neutrino astronomy. Neutrinos of those energies are emitted by yet to be identified cosmic accelerators and could shed light on the origin of cosmic rays and illuminate the physical processes at work in the most violent environments in the Universe.
A good deal of work has been carried out to characterise the high-energy neutrino flux observed by IceCube and pinpoint the sources. Part of all IceCube analyses aims at identifying the sources responsible for the detected diffuse neutrino background and better characterising spectral features. Other searches are instead targeted on neutrino point sources.
Up to now, dedicated searches looking for neutrino point sources have only placed upper limits. In this work, we exploit the anisotropies of the local Universe to investigate the detection prospects of neutrino steady point sources with IceCube and IceCube-Gen2.
Adopting the 2MASS Redshift Survey (2MRS) catalogue as tracer of the anisotropic matter distribution of the local Universe (z 0.02), we determine analytical estimates for bounds on the sources density as a function of luminosity and perform Monte Carlo simulations of the expected number of neutrino multiplets coming from cosmic accelerators that follow the 2MRS source distribution.
In order to investigate our future chances of detecting steady point sources via all sky scan searches, we define a plane marked by the neutrino luminosity and local source density (L ν ,n 0 ). We find that for a local density n 0 ≥ 10 −6 Mpc −3 and a neutrino luminosity L ν 10 42 erg/s (L ν 10 41 erg/s), IceCube (IceCube-Gen2) could provide more stringent limits on the excluded parameter space by adopting a correlation analysis of the neutrino multiplets with the local matter distribution. In this region, a correlation analysis would probe a (L ν ,n 0 ) parameter space larger than the one constrained by the upper limit of nondetection of point sources.
Sources expected to have n 0 ≤ 10 −6 Mpc −3 and L ν ≤ 10 42 erg/s will be difficult to detect even with IceCube-Gen2 unless dedicated stacking searches or searches employing multi-messenger catalogues are performed. For n 0 ≤ 10 −6 Mpc −3 and L ν ≥ 10 42 erg/s the all-sky PS searches will eventually provide the most stringent limits and IceCube-Gen 2 will guarantee a further exploration of the (n 0 ,L ν ) plane with an improvement of one order of magnitude in L ν .
By adopting Eqs. 2.9-2.11 and assuming that N a represents the true number of sources, Eq. A.1 simplifies to
We now compute the average TS for the case of N a sources drawn from g(n) and (N ws − N a ) isotropically distributed warm spots:
We know that the number N a of neutrino sources in the nearby Universe with m ≥ µ must be much smaller than the total number of warm spots N ws . Therefore, we define 4πg(n) ≡ 1 + δ(n) with δ(n) ≥ −1 and dn δ(n) = 0, and expand in δ(n)(N a /N ws ),
which is just (16π 2 N 2 a /N ws ) times the variance σ 2 of g(n),
B Local source density in the low and high neutrino luminosity regimes
In the following, we will consider the low and high luminosity limits, corresponding to (λ c µ) and (λ c µ) of the expressions introduced in Sec. 2.3. For the function f , defined in Eq. 2.14, we find
(B.1)
Similarly, h (Eq. 2.14) expressed in λ c is just
for λ c µ ,
(B.
3)
The factor in parentheses in Eq. 2.17 gives,
for λ c µ , (B.4) and putting everything together we find
(B.5)
C Neutrino luminosity and local density of steady astrophysical sources
In this Appendix, we briefly report the estimates of the local density and luminosity for the steady sources reported in Fig. 4 . In general, not all sources of one class need to be the same, but they can vary in spectral neutrino intensity I ν (E) and in overall luminosity L ν , forming a luminosity distribution. However, it helps to think about "benchmark" sources, that is sources of a certain class with the same luminosity. If L 2 (dn/dL), where dn/dL is the luminosity distribution e.g. in gamma-rays, is peaked at a certain luminosity, the overall flux will be dominated by sources within a narrow luminosity range around this peak luminosity. For instance if dn/dL ∝ L α with α > −2 below and α < −2 below and above a break luminosity, the break luminosity can be used as the benchmark luminosity. Specifically, Ref. [42] choses the peak neutrino luminosity to be the luminosity L ν that maximises
and then defines an effective local source density by requiring that the benchmark luminosity matches the integrated luminosity of the distribution,
Note that this requires to define the scaling between L ν and, e.g., L γ only up to a constant, e.g. L ν ∝ (L γ ) η . The normalisation can then be determined by an additional assumption, e.g. that the diffuse neutrino flux be matched. The link between the neutrino and the gamma-ray luminosity is also established defined by studying the pp or pγ interactions driving the production of neutrinos and gamma-rays in the source. In fact if sources happen to be observed, e.g., in gamma-rays, then we can use scaling relations to relate the observed gamma-ray and the expected neutrino luminosities. Astrophysical high-energy neutrinos are usually produced by the decay of charged pions from hadronic interactions of cosmic rays with matter (proton-proton interactions, pp) and radiation (proton-photon interactions, pγ). The same mechanisms also guarantee the production of γ-rays from neutral pions. The intensities of each neutrino flavor and gamma-rays are related (see, e.g., Ref. [41] )
with E γ = 2E ν and K 2 (K 1) for pp (pγ) interactions. The density of those sources is usually assumed to be the same as estimated in other wavelengths. By employing the relations above and assuming an injection spectral index Γ = 2 for all sources emitting neutrinos, we now estimate the local density and corresponding neutrino effective luminosity for the following sources:
• Starburst galaxies. Neutrinos are produced in starburst galaxies through pp interactions, see e.g. Ref. [13] . The infrared (IR) luminosity of these sources [55] , measured in the range [8, 10 3 ] µm, is linearly related to the corresponding γ-ray luminosity observed by Fermi in the [0.1,100] GeV [56] : log(L γ /erg s −1 ) = α log(L IR /10 10 L ) + β with L the solar luminosity, α = 1.17 ± 0.07 and β = 39.28 ± 0.08. By assuming a break luminosity in the IR luminosity function as L IR 10 11 L from [55] , the corresponding gamma-ray luminosity is L γ = 2.8 × 10 40 erg/s 3 . The latter is proportional to the neutrino luminosity via eq. C.3, L ν = 1.4 × 10 40 erg/s. The local density of starburst galaxies is estimated to be n 0 2.5 × 10 −5 Mpc −3 [55] .
• Cluster of galaxies. Neutrinos in galaxy clusters are also produced through pp interactions, see e.g. [21] . Given the uncertainties in the modeling of the neutrino production in clusters, we here rely on the phenomenological luminosity-mass relation. Following Table 3 of [21] , we extrapolate the expected neutrino luminosity of five typical clusters: L ν,Perseus 4.7 × 10 41 erg/s, L ν,Virgo 3.3 × 10 41 erg/s, L ν,Centaurus 7.6 × 10 40 erg/s, L ν,Coma 1.2 × 10 42 erg/s , and L ν,Ophiuchus 2.9 × 10 42 erg/s. We then assume that our benchmark neutrino luminosity for this source class is given by the average of the above luminosities: L ν 10 42 erg/s. The local density of galaxy clusters with masses above 9 × 10 13 M is equal to n 0 6.8 × 10 −6 Mpc −3 [21] .
• Flat-spectrum radio quasars (FSRQs). Neutrinos can be produced by pγ interactions in FSRQs [23] . We adopt the local gamma-ray luminosity function as measured by Fermi [59] , dn/dL
, with L γ defined in the [0.1, 100] GeV band. As γ 1 < 2 and γ 2 > 2, the luminosity in logarithmic luminosity intervals, L γ dn/d(ln L γ ) = L 2 γ (dn/dL γ ) has a local maximum close to L = 2.2 × 10 47 erg s −1 , which we find to be at L eff γ ≡ 9.2 × 10 46 erg s −1 . The overall luminosity is thus dominated by a small luminosity interval around L eff γ . We follow
Ref. [42] in defining the corresponding local source density n 0 through Eq. C.2. We find n 0 5.6 × 10 −11 Mpc −3 which should be compared to the total local number density of FSQRs, n 0 5 × 10 −10 Mpc −3 [60] . Scaling the gamma-ray luminosity via Eq. C.3 gives L ν L γ /4/ ln(1000) 3.3 × 10 45 erg s −1 where the factor ln(1000) comes from converting from [0.1, 100] GeV luminosity to unit logarithmic energy interval luminosity.
• BL Lacs. Neutrinos are produced by pγ interactions in BL Lacs, e.g. [23] . We adopt a gamma-ray luminosity function that should approximate the local one as reported by
, with A = 3×10 −7 Mpc −3 erg −1 s, L = 10 46 erg s −1 , γ 1 = 2 and γ 2 = 3.5. Unlike in the case of FSRQs, L 2 γ (dn/dL γ ) does not have a local maximum and therefore the overall luminosity is not dominated by a narrow luminosity interval. We nevertheless adopt the break luminosity L = 10 46 erg s −1 as the benchmark luminosity L γ , and determine the corresponding local source density n 0 through eq. C.2. We find n 0 1.5 × 10 −8 Mpc −3 which is to be compared to the total local number density of BL Lacs, n 0 2 × 10 −7 Mpc −3 [60] . Scaling the gamma-ray luminosity via Eq. C.3 gives L ν L γ /4/ ln(1000) 3.6 × 10 44 erg s −1 .
• Fanaroff-Riley galaxies (FR-I and FR-II). Ref. [61] explored the correlation between the Fermi gamma-ray luminosity and the radio-loud luminosity function of radio galaxies: log(L γ ) = (−3.90 ± 0.61) + (1.16 ± 0.02) log(L 5 GHz ) for L γ ∈ [0.1, 10] GeV. Depending on the jet morphology, we distinguish between Faranoff-Riley galaxies of type I (FR-I) and type II (FR-II). We approximate the luminosity of those sources to the one corresponding the break of their luminosity functions defined in Ref. [61] : [62]) and L ν,FR−II L γ,FR−II /4 2.8 × 10 41 erg/s if the neutrino production is dominated by pγ interactions (e.g., Ref. [63] ). The local density of these sources is n 0,FR−I 3.2 × 10 −8 Mpc −3 and n 0,FR−II 2 × 10 −7 Mpc −3 [61] .
• Low-luminosity active galactic nuclei (LL-AGN). We assume the benchmark neutrino luminosity L ν 7.8 × 10 38 erg/s as from the reference model of Ref. [64] derived by adopting the Hα luminosity function dominated by L Hα 10 40 erg/s under the assumption of no redshift evolution. The corresponding local density is n 0 1.3 × 10 −2 Mpc −3 corresponding to an effective density n 0 10 −3 Mpc −3 [42] .
We summarise our estimates in Table 1 . 
